Abstract -We review some fundamental and practical aspects of phase-sensitive fiber-optic parametric amplifiers. Applications of both phase-insensitive and phase-sensitive amplifiers will also be covered.
The key building blocks of PS-FOPAs are 1) the specifically designed highly nonlinear fiber (HLNF) that should not only have low dispersion near the operating wavelength but also low attenuation and be easy to splice to other types of fibers and 2) the high power single-frequency pump laser with low intensity noise and small spectral linewidth. In one implementation, the signal and idler wavelengths are symmetrically located around the pump, the so-called nondegenerate-idler configuration in which multiple signal-idler pairs can interact with the pump making the scheme WDM compatible. This scheme can also be extended to a dual-pumped configuration. Another approach is to use the so-called degenerate-idler configuration, in which the signal wave is symmetrically surrounded by two pumps, causing the idler wavelength to coincide with that of the signal. The advantage of this is that only one input wave carrying information is needed. However, since only one frequency allocation is possible for the signal, the degenerate-idler configuration is inherently single channel.
The phase sensitive amplification is dictated by the relative phase among the interacting waves. Assuming for simplicity that the signal and idler powers are equal, the signal gain is given by [5] :
Here, γ is the nonlinear coefficient of the fiber, P is the pump power, and L eff is the effective length of the fiber. The quantity θ rel is the relative phase among the three waves. In general, this is given by θ rel = φ p1 + φ p2 − φ s − φ i . with indices indicating pump(s), signal and idler waves. It is seen that only signal phases satisfying θ rel  = π/2 are fully amplified while those resulting in θ rel  = -π/2 are parametrically attenuated.
In our recent experimental work [6] on PS-FOPAs, we used the setup shown in figure 1 which relies on a two-stage approach to emulate the non-degenerate-idler scheme. The first stage is used to generate a continuous-wave idler with fixed phase relationship to the signal and pump waves and the second interferometer-based stage allows data encoding of the signal and idler simultaneously. This setup provides a convenient way to study the fundamental properties and performance of PS-FOPAs. Figure 2 shows the measured amplitude and phase before and after a PS-FOPA with 8 dB maximum gain. The phase of the signal that varies linearly in a saw-tooth fashion at the input is "squeezed" into two discrete levels at the output. The output amplitude varies as a sinusoid expected from eq. (1).
Perhaps the most intriguing property of PS-FOPAs is the 0-dB quantum-limited NF [7] when considering both the signal and idler powers at the input. In general, the noise generation in FOPAs has four different origins [8] : amplified quantum noise, pump transfer noise, Raman phonon seeded noise and residual pump ASE noise. The Raman seeded NF contribution is wavelength dependent and according to our calculations is for typical FOPAs (phase-sensitive or not) in the range 0.5-1 dB. Therefore, even in a PS-FOPA it will be challenging to reach 0-dB noise figure. We have used a setup with a cascaded approach very similar to that in figure 1 to characterize the NF in PS-FOPAs. It is important to measure the noise characteristics in the electrical domain in order to capture all noise contributions rather than in the optical domain through OSNR measurements. In our measurements, we typically capture the noise at an RF-frequency near 900 MHz and conduct careful shot-noise calibration prior to the measurements. We have recently achieved a record-low NF = 1.1 dB at high gain (here 26 dB) [9] . Since FOPAs react almost instantaneously, they have several potential applications (besides amplification) including for example optical waveform characterization including phase-sensitive sampling and real-time sampling [10] , multicasting [11] , wavelength conversion [12] , tunable filters [13] , tunable delays [14] , tunable lasers [15], pulse generation [16] , signal regeneration [17] , low-energy switching [18] , and ultrafast TDM add-drop multiplexing [19] .
In the case of PS-FOPAs, perhaps the most intriguing potential application are; 1) direct phase-regeneration of phase-encoded signals [20] and 2) transmission of signals with optical amplifiers having ultra-low NF. The consequence of the latter is that the system design could be relaxed since the OSNR will be larger for a given signal power compared with an EDFA-based system. An important point of this approach is that the higher OSNR can be traded for e.g. larger amplifier spacing and potentially lower cost, or allowing the use of more OSNR/nonlinearity sensitive modulation formats such as 64-QAM. In essence, if in-line amplifiers with NF approaching 0-dB could be used, the linear Shannon capacity limit would hold over a wider power range compared with the use of EDFAs. Similar to the case of Raman amplification, this scheme could also be extended to distributed amplification resulting in further improvements [21] .
Conclusions:
The basic features and practical performance of fiber optic parametric amplifiers are now fairly well known. Several potential applications exist (apart from amplification). However, since this is still a concept under exploration there are reasons to believe that new interesting possibilities will emerge, driven by technology development (e.g. holey fibers) and the need for all-optical functionalities in dynamic optical networks.
